-Jun/AP-1 is required for CCK-induced pancreatic acinar cell dedifferentiation and DNA synthesis in vitro.
DESPITE THE LOW TURNOVER RATE of pancreatic cells in adult pancreas, the pancreas has the capacity to regenerate after injury, such as following pancreatitis (14, 26, 47) , surgical resection (22, 36, 63) , or endoplasmic reticulum stress (27) . Following a moderate caerulein-induced pancreatitis in rats, which leads to extensive depletion of exocrine pancreas, full pancreatic function is restored in ϳ1 wk (1, 14) . In a study in mice, Jensen et al. (33) showed that after caerulein-induced pancreatitis, the surviving pancreatic acinar cells underwent dedifferentiation with a reduced expression of pancreatic acinar cell digestive enzymes and increased expression of genes associated with undifferentiated pancreatic progenitor cells, such as pdx-1, E-cadherin, ␤-catenin, and Notch components. The dedifferentiated acinar cells divided, grew, and then later acquired the characteristics of mature acinar cells.
CCK plays a significant role in the regeneration of exocrine pancreas following pancreatic injury. Endogenous CCK release or exogenous CCK administration accelerates pancreatic recovery from caerulein-, ethionine-, or arginine-induced acute pancreatitis in rats (24, 42, 50, 57) . In contrast, pancreatic regeneration was delayed in CCK A receptor-deficient rat (45, 46) . All these evidences suggest that endogenous CCK is required for the exocrine pancreatic regeneration and exogenous CCK administration can enhance this process. However, little is known of the signal transduction pathways mediating these effects in vivo.
Pancreatic acinar cells, when cultured as a monolayer on type I collagen, are known to lose their differentiated morphology with decreased amount of zymogen granules; subsequently the cells spread out, divide, and form a confluent monolayer (39) . The dedifferentiated acinar cells express ductal cell specific antigen during culture and they are more ductlike (11) , indicating changes in gene expression. The culture medium can also influence cell differentiation as a medium favoring acinar cell dedifferentiation to a ductlike phenotype increased the capacity of the cells to reenter the cell cycle (58) . CCK is known to stimulate cultured acinar cells to divide and increase DNA synthesis, nuclear labeling and total content of DNA and protein (37) . However, the mechanisms mediating CCK action on acinar cell growth are not well understood. CCK activates a variety of intracellular signaling pathways in dissociated pancreatic acinar cells in addition to the Ca 2ϩ signaling that mediates secretion (64) . These include mitogen-activated protein kinase pathways, which include c-Jun NH 2 -terminal kinase (JNKs) (10) , extracellular signal-related kinase (12, 17) , and p38 MAPK (66) . Previous in vivo studies show that increased endogenous CCK activates JNK and ERK in mouse pancreas (17, 59) . The expression of c-Jun, a downstream target of JNK and ERK, is also transiently increased in vivo (17) , and it has been shown that CCK increases the mRNA expression of c-Jun in freshly isolated pancreatic acinar cells (40) .
In the present study, we investigated the process of dedifferentiation and proliferation of cultured pancreatic acinar cells and the role of c-Jun in these processes. We found that pancreatic acinar cells cultured on collagen-coated plates gradually lost their differentiated appearance and expressed markers for undifferentiated pancreatic cells such as pdx-1 and nestin. They flattened out, divided, and formed islands of confluent monolayer. CCK stimulation increased JNK, ERK and AP-1 activity, whereas dominant-negative JNK, dominantnegative c-Jun, and short hairpin RNA (shRNA) targeting endogenous c-Jun reduced proliferation of acinar cells. Moreover, dominant-negative c-Jun partially inhibited dedifferentiation of acinar cells. Our data suggested that cultured acinar cells acquire embryonic characteristics similar to those shown during pancreatic regeneration following pancreatitis. c-Jun/ AP-1 plays an important role in pancreatic acinar cell dedifferentiation and the subsequent CCK-induced acinar cell proliferation in culture.
MATERIALS AND METHODS

Materials.
Collagenase was from Crescent Chemical (Islandia, NY) and sulfated CCK octapeptide from Research Plus (Bayonne, NJ). Rabbit polyclonal antibodies to amylase, chymotrypsin, cyclin D2, cyclophilin A, JNK1, and mouse monoclonal antibody to PCNA were from Santa Cruz Biotechnology (Santa Cruz, CA); polyclonal antibody to ␣-smooth muscle actin was from Abcam (Cambridge, MA); and antibody to desmin was from Thermo Scientific (Fremont, CA). Other rabbit polyclonal antibodies, including anti-phospho-ERK1/2 (Thr 202/Tyr 204), anti-phospho-JNK1/2 (Thr 183/Tyr 185), and anti-ERK1/2, were from Cell Signaling (Beverly, MA), and anti-porcine elastase was from Rockland (Gilbertsville, PA). Rabbit monoclonal antibody to c-Jun was from Epitomics (Burlingame, CA). Mouse monoclonal antibodies to E-cadherin and cyclin D1 were from Zymed Laboratories (South San Francisco, CA), to ␤-catenin from BD Transduction Laboratories (San Jose, CA), to nestin from BD Pharmingen (San Diego, CA), and to ␤-actin from Sigma. Rat monoclonal antibody to bromodeoxyuridine (BrdU) was from Accurate Chemical and Scientific (Westbury, NY Adenovirus expressing DN JNK2 and DN c-Jun (TAM 67) were provided by Dr. Juanita Merchant (University of Michigan) and Dr. David Brenner (UCSD), respectively. The modified pAdTrack plasmid, which was used for the construction of adenovirus expressing c-Jun shRNA, was provided by Dr. Liangyou Rui (University of Michigan).
Pancreatic acinar cell isolation, culture, and [ 3 H]thymidine incorporation. Pancreatic acini were isolated from male ICR mice as previously described (16, 38, 65) . However, to obtain smaller acini, we carried out a brief period of exposure to a solution of sterile Ca 2ϩ -Mg 2ϩ -free Krebs-Henseleit-bicarbonate medium containing 50 mM EDTA before the second collagenase digestion. After isolation, cells were seeded into 6-or 24-well plates coated with type I collagen. Adenoviruses at 10 7 pfu/ml, unless otherwise noted were added at the same time as when the cells were plated. After 24 h culture, hormones or growth factors were added to the medium as indicated. For the studies involving the use of chemical inhibitors, the inhibitors were added 1 h before adding the agonists. The rate of DNA synthesis was measured by use of a previously described [ 3 H]thymidine incorporation assay (39) . Briefly, after the 24-h attachment period, the cells were treated with hormones and growth factors for 48 h, after which 0.1 Ci/ml [ 3 H]thymidine was added for an additional 24 h [total time in culture 96 h (4 days)]. Subsequently, the medium was removed and the cells were washed with PBS and sonicated, and DNA was precipitated with 10% TCA. Incorporation of [ 3 H]thymidine was expressed as percentage of total counts per minute observed in control cells.
Morphology, immunohistochemistry, and quantification of BrdU incorporation. Acinar cells were cultured in 35-mm dishes for 24 -96 h with BrdU (10 M), a thymidine analog added to the culture medium during the last 12 h of incubation. Subsequently the cells were fixed on the culture dish with 4% paraformaldehyde in the phosphate-buffered saline (PBS) for 1 h. After being rinsed with PBS, DNA was denatured with 2 N HCl in 0.5% Triton-PBS for 30 min. The cultures were then exposed sequentially to a 1:10 dilution of rat anti-BrdU monoclonal antibody for 2 h and 1:200 dilution of donkey anti-rat secondary antibody conjugated with Cy3 (Jackson ImmunoResearch Laboratories, West Grove, PA). After being rinsed with PBS, the culture dishes were coverslipped with Prolong Gold antifade reagent containing 4,6-diamidino-2-phenylindole (DAPI; Invitrogen). Immunofluorescence staining of amylase and other proteins was carried out as described previously (49) . Immunofluorescence was viewed with a Leica DMIRB inverted microscope with a ϫ20 objective lens. For overall morphology, cells were cultured in 24-well plates as described for [ 3 H]thymidine incorporation and imaged as live cells with bright-field optics at ϫ20 and ϫ40 magnification through the plastic plate bottom by use of an inverted Nikon TE200 microscope. All images were recorded with a Olympus DP-71 digital camera.
RNA isolation, reverse transcription, and quantitative real-time PCR. RNA isolation, cDNA synthesis, and quantitative real-time PCR followed the same procedures as previously described (17, 54) . Briefly, total RNA was isolated from cultured mouse pancreatic acinar cells via RNeasy kit from Invitrogen. RNA quality was evaluated by agarose gel electrophoresis and spectrophotometry. RNA was reverse transcribed using TaqMan reverse transcription reagents with random hexamers as primers. Quantitative PCR was carried out using a Bio-Rad I-Cycler IQ real-time PCR detection system with 96-well plates.
The primers used for quantitative RT-PCR were designed with Primer Express software from ABI (Foster City, CA) based on gene sequences obtained from the GenBank NCBI Sequence Viewer (http://www.ncbi.nlm.nih.gov) and are given in Table 1 .
Preparation of cell lysate, nuclear proteins, and Western blots. Pancreatic acinar cells were washed, scraped from the culture dish and sonicated with ice-cold buffer as previously described (19, 60) . The supernatant was prepared for SDS-PAGE, after which protein was transferred to nitrocellulose membrane and Western blotting was conducted with specific antibodies (16) . For all Western blot experiments duplicate culture wells were used for each experimental condition and run on adjacent lanes of SDS gels. After exposure of blots to X-ray film, the film was scanned and both lanes were used to quantitate the signal. For representative samples the images were electronically cut and only one lane of a representative gel was shown. For this reason, the lanes are separated by a white line.
For nuclear protein extraction the cells were washed with PBS and collected with PBS-EDTA, centrifuged at 3,000 rpm for 5 min. The pellet was resuspended in 250 -500 l (at least 6 vol) harvest buffer (10 mM HEPES pH 7.9, 50 mM NaCl, 0.5 M sucrose, 0.1 mM EDTA, 0.5% Triton X-100, 1 mM DTT, 10 mM tetrasodium pyrophosphate, 100 mM NaF, 17.5 mM ␤-glycerophosphate, 1 mM PMSF, 10 mg/l aprotinin, 10 mg/l leupeptin, 1 mM benzamidine), incubated on ice for 5 min and then centrifuged at 2,000 rpm for 10 min to pellet nuclei. The pellet was washed by resuspension in 500 l of wash buffer (10 mM HEPES pH 7.9, 10 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA, 1 mM DTT, 1 mM PMSF, 10 mg/l aprotinin, 10 mg/l leupeptin) and centrifuged at 2,000 rpm for 5 min, after which the supernatant was removed and discarded. The pellet was resuspended in four volumes of buffer C (10 mM HEPES, pH 7.9, 500 mM NaCl, 0.1 mM EDTA, 0.1 mM EGTA, 0.1% Nonidet P-40, 1 mM DTT, 1 mM PMSF, 10 mg/l aprotinin, 10 mg/l leupeptin) and incubated on ice for 15 min with intermittent vortex, after which the samples were centrifuged at 14,000 rpm for 10 min and the supernatant was saved.
EMSA. EMSA was performed as previously described (17) . Briefly, a double stranded oligonucleotide of AP-1 (5=-CGCTTGATGAGT-CAGCCGGAA-3=) was labeled with ␥-[
32 P]ATP. Pancreatic nuclear extract was incubated with the gel shift binding buffer for 20 min.
Then the labeled AP-1 probe was added and incubation continued for another 30 min. Subsequently, the reaction mixture was subjected to a nondenaturing gel electrophoresis with TBE, dried, and exposed. Supershift assays were conducted by adding specific antibody to the binding reaction mixture 20 min before addition of the labeled oligonucleotide.
Construction of recombinant adenovirus. The recombinant adenovirus expressing AP-1 luciferase reporter was constructed according to the method of He et al. (23) . Briefly, the DNA segment encoding AP-1 luciferase reporter was excised from the original AP-1 luciferase reporter plasmid (Stratagene, La Jolla, CA) and cloned into pAdTrack-cytomegalovirus (CMV). The resultant plasmid was then transformed into AdEasier-1 Escherichia coli cells (BJ5183 derivatives, which already contain the AdEasy-1 plasmid). Recombinants were selected and confirmed by restriction endonuclease digestion assay and DNA sequencing. Finally, linearized recombinant plasmid was transfected into human embryonic kidney-293 cells for packaging. Recombinant adenoviruses were purified by use of a Vivapure AdenoPACK 100 kit (Vivascience; Hannover, Germany). The titers of the viral stocks were estimated by counting enhanced green fluorescent protein (EGFP)-expressing cells because pAdTrack-CMV also encodes EGFP driven by a separate CMV promoter. An adenovirus expressing ␤-galactosidase and EGFP was used as a control.
Luciferase assay. After the initial 24-h culture, acinar cells were infected with 10 6 pfu/ml adenovirus expressing AP-1 luciferase reporter 1 h before the addition of CCK, and the cells were washed, harvested, and lysed 6 h later. Luciferase activity was detected with a luciferase assay kit (Promega, Madison, WI) as described previously (19) .
shRNA construction and evaluation. Three small interfering RNA (siRNA) sequences targeting against mouse c-Jun mRNA were designed by using the online siRNA target finder from Genescript and Invitrogen. For the adenovirus knockdown construct, shRNA sequences for jun1, jun2, and jun3 are (sense: 5=-3=) GATCCCC-GAAACGACCTTCTACGACGATTTCAAGAGAATCGTCGTAG-AAGGTCGTTTCTTTTTG; GATCCCCAAAGTCATGAACCACG-TTATTCAAGAGATAACGTGGTTCATGACTTTTTTTTG; and GATCCCCCGCCAACCTCAGCAACTTCAATTCAAGAGATTG-AAGTTGCTGAGGTTGGCGTTTTTC. The underlined are sense and antisense targeting sequences of c-Jun shRNA. The oligonucleotides were synthesized by IDT (Coralville, IA), and the complementary strands were first annealed and then cloned into the modified pAdTrack plasmid in which the shRNA expression was under the control of a human H1 promoter. Adenovirus expressing c-Jun shRNA and EGFP was constructed as described earlier. To evaluate the efficiency of shRNA to knock down c-Jun expression in cultured acinar cells, adenovirus expressing c-Jun shRNA or the nonspecific shRNA was added at the same time the cells were plated at a titer of 10 7 pfu/ml. After culture, the cells were harvested; protein or RNA was extracted followed by Western blot or quantitative real-time PCR.
Statistical analysis. Results are expressed as means Ϯ SE, which were obtained from three to five different experiments with duplicate or triplicate wells per condition in each experiment. One-way ANOVA with the Dunnett's test was carried out using GraphPad Prism software. P Ͻ 0.05 represents statistical significance.
RESULTS
Characterization of acinar cell morphology and dedifferentiation in monolayer culture.
Mouse pancreatic acini were isolated following collagenase digestion and cultured for 0 -96 h with or without CCK treatment (Fig. 1) . Earlier studies have shown that the acinar preparation is highly enriched for acinar cells with only low levels of islet, duct, or vascular cells (2, 65) . After 24 h culture, more than 90% of the cells had attached, usually clustered together as if derived from acini (Fig. 1B) . They still preserved most of the characteristics of freshly isolated acini including the characteristic pattern of filamentous subluminal staining of actin with fluorescent phalloidin ( Fig. 2A) . Immunohistochemistry showed abundant amylase in 24 h cultured cells (Fig. 2B ). After 48 h (Fig. 1, C and D) the cells began to flatten and spread out especially under the influence of CCK and this was even more pronounced after 72 h ( Fig. 1, E and F) . After 96 h (4 days) the filamentous actin staining had dramatically changed (Fig. 2 , C and E) in that hollow spherical structures were seen somewhat similar to the appearance seen in suspension culture where individual acini become hollow spheres or cysts with the original acinar lumen becoming the cystic lumen (52, 53) . A second pattern of actin staining after 96 h was along the margin of cells in an epithelial cell pattern. This second type of actin distribution was more prominent following CCK stimulation, and the flattening of the cell clusters was much more pronounced (Fig. 2F ). In the 96-h cultures, amylase was still present often toward the periphery of the cell cultures (Fig. 2, D and F) . Only a few cells in monolayer culture stained with Trypan blue (data not shown) in contrast to acini kept in suspension culture, where by 96 h at least half the cells were Trypan blue positive. Occasionally, isolated fibroblast-like cells were seen with abundant actin cables and no amylase staining.
Quantitative real-time PCR was performed to measure the mRNA expression of markers for mature pancreatic cells including acinar, duct, and islet cells and for pancreatic embryonic cells. As shown in Fig. 3 , during the culture, the mRNA expression of pancreatic digestive enzymes was significantly reduced, including amylase (Fig. 3A) , chymotrypsinogen (Fig. 3B), lipase (Fig. 3C) , and elastase (not shown); most of this decrease occurred over the first 2 days. Amylase and lipase were reduced to less than 2% of fresh acini, whereas chymotrypsin was somewhat higher, being reduced to 24% of fresh acini. The ductal markers, cytokeratin 7 ( Fig. 3D ) and cytokeratin 19 (data not shown) expression, increased over 20-fold. Mucin 1, a membrane-bound protein expressed by duct cells in pancreas (8) , showed a sixfold increase during culture (Fig. 3E) . By contrast, insulin, a marker of mature ␤ cells remained very low at all time (data not shown). The expression of markers of less differentiated cells such as ␤-catenin (Fig. 3F ) and E-cadherin (Fig. 3G ) was increased. More importantly, markers of undifferentiated pancreatic cells including nestin (Fig. 3H ) and pdx-1 (Fig. 3I) were also increased by ninefold and threefold, respectively. P48 is a transcription factor that plays an essential role in the specification of pancreatic fate in undifferentiated foregut endoderm, and its expression is restricted to pancreatic exocrine cells during the later stage of development. During culture its expression also showed a maximal 6.5-fold increase (Fig. 3J) . Mist1 is also a transcription factor that is important for pancreatic development and its expression is restricted to acinar cells in adult pancreas. Mist1 expression decreased rapidly after 1 day in culture to 16% of fresh acini and then gradually increased to ϳ40% of fresh acini after 4 days (Fig. 3K) . HNF 6, a transcription regulator that is required for the development of both endocrine pancreas (32) and pancreatic duct epithelium (51) , showed an increased expression of sixfold after 4 days of culture (Fig. 3L) . However, neurogenin 3, another marker for pancreatic endocrine progenitor cells, showed no increase in culture (Fig. 3M ). Hes1 is a downstream target gene of Notch signaling, which plays an active role in the differentiation of pancreatic progenitor cells (20) . Hes1 expression did not change much during acinar cell culture (Fig. 3N) . 18sRNA was used as control and its expression did not change (Fig. 3O) . The changes in expression of all these genes were independent of CCK stimulation and may reflect in part the loss of 3D structure or extracellular matrix factors.
The protein expression of many of these genes was also examined by Western blot. Similar to the change of mRNA expression, amylase (Fig. 4A), chymotrypsin (Fig. 4B) and elastase ( Fig. 4C ) decreased to less than 5% of that in freshly isolated cells. The less differentiated cell markers ␤-catenin (Fig. 4D ), E-cadherin (Fig. 4E) , and nestin (Fig. 4F) showed a gradual increase in protein expression during culture. Pancreatic stellate cell markers desmin and ␣-smooth muscle actin both decreased during culture (Fig. 4, G and H) . By contrast, the ductal marker, cytokeratin 19 increased 40-fold (Fig. 4K) and cytokeratin 8 and ␤-actin showed modest increases. Again, the protein expression of these genes was not significantly affected by CCK. Cyclophilin A was used as loading control and its expression did not change (Fig. 4L) . Thus acinar cells in culture showed less expression of acinar cell markers and more markers of undifferentiated or ductal cells; markers of islets or stellate cells were not increased.
Effect of secretagogues and growth factors on the proliferation of cultured acinar cells. CCK is one of the main secretagogues that increase intracellular Ca 2ϩ and the turnover of phosphatidylinositol in pancreatic acinar cells. Its effect on acinar cell proliferation was examined by the use of [ 3 H]thymidine incorporation (Fig. 5) . After the initial 24-h attachment period, the cells were treated with hormones and growth factors for 48 h after which 0. smaller effect of CCK and other agonists during the first 2 days of culture. CCK increased the incorporation of [ 3 H]thymidine into cultured acinar cells in a dose-dependent manner, with a minimal effect at 30 pM and a maximal effect of 8.0 Ϯ 0.5-fold increase at 10 nM (Fig. 5A) . Similar effects were also seen when laminin-coated culture wells were used (data not shown). In contrast, both bombesin and carbachol (CCh), also secretagogues, elicited a much smaller increase of DNA synthesis even at a concentration that is equivalent, in terms of the ability to stimulate amylase release, to the effective concentrations of CCK (Fig. 5B) . Growth factors including IGF, FGF, and EGF also increased the incorporation of [ 3 H]thymidine into DNA with EGF having the biggest effect (Fig. 5B) . We also followed mitosis using BrdU incorporation by immunohistochemistry. After 1-day culture, there was little or almost no BrdU incorporation in acinar cells (Fig. 5C ) similar to rates seen in vivo. After 4-day culture, overall BrdU incorporation increased, particularly in the CCK-treated group (Fig. 5, D and E) .
These results clearly indicate that CCK stimulates proliferation of acinar-derived cells.
Induction of cyclin D expression during acinar cell culture. Cyclin D (including cyclin D1, D2, and D3) is the primary cyclin that regulates the G1-to-S phase transition of most cells. In response to mitogenic factors, cyclin D progressively accumulates during G1 phase and assembles with their catalytic partners Cdk4 and Cdk6 to phosphorylate members of the retinoblastoma (Rb) family of proteins. We examined cyclin D mRNA and protein expression during acinar cell culture (Fig. 6) . Cyclin D1 expression significantly increased at both mRNA ( Fig. 6A ) and protein level (Fig. 6D ) and CCK significantly enhanced both. Cyclin D2 protein expression also increased more with CCK treatment (Fig. 6E) . We detected an increase of cyclin D3 mRNA expression (Fig. 6C) , but its protein level did not change significantly compared with freshly isolated acini. Thus cyclin D1 appears to be the most likely cyclin D involved in CCK-induced acinar cell proliferation.
Induction of c-jun expression by CCK in cultured acinar cells.
We examined the protein expression of c-Jun using Western blot (Fig. 7A) . One nanomolar CCK stimulation of 24-h cultured acini rapidly upregulated the protein expression of c-Jun, which was detected at 1 h after CCK stimulation and peaked at 3 h with a 12.1 Ϯ 2.0-fold increase. Cyclophilin A was used as loading control and its expression did not change with CCK treatment (Fig. 7B) . c-Jun protein induction is also CCK dose dependent, and it showed a similar pattern as CCK-induced [ 3 H]thymidine incorporation (data not shown). JNK and ERK are upstream regulators of c-Jun induction. Their activation was measured by the use of phospho-specific antibodies (pJNK and pERK), which are activity state dependent. A 5.5-fold increase of pJNK and 4.5-fold increase of pERK activation was detected with pJNK peaking at 1 h and pERK at 5 min after 1 nM CCK treatment (data not shown). 
AP-1 transcription activity was increased by CCK stimulation.
EMSA was performed to determine whether CCK stimulation can affect AP-1 DNA binding. Since CCK-induced c-Jun protein expression peaked at 3 h and c-Jun is one of the main components of AP-1, we evaluated the AP-1 DNA binding 3 h after CCK treatment. As shown in Fig. 7C , AP-1 DNA binding activity increased with CCK stimulation. The DNA protein complex was competed away by the cold probe and was supershifted by specific antibodies to c-Jun, indicating that c-Jun is involved in AP-1 DNA binding induced by CCK in cultured acinar cells. The degree of stimulation was lower than that in prior in vivo studies (17) primarily due to the presence of an appreciable basal level AP-1 DNA binding activity. AP-1 transcription activity was further evaluated by using a luciferase reporter assay that made use of an adenoviral vector to deliver AP-1 reporter construct. As shown in Fig. 7D , CCK dose dependently stimulated AP-1 driven luciferase expression, indicating an increase of AP-1 transactivation. Luciferase expression showed a significant increase with 30 pM CCK treatment and a greater increase with higher concentrations of CCK, reaching a 4.3 Ϯ 0.5-fold increase with 10 nM CCK.
CCK-induced pancreatic acinar cell proliferation was inhibited by MAPK inhibitors, dominant-negative JNK, dominant-negative c-jun, and shRNA against c-jun.
To determine whether MAPK pathways are required for CCK-induced acinar cell proliferation, we initially used specific chemical inhibitors to JNK and ERK pathways. The JNK inhibitor SP600125 reduced ϳ50% of CCK-induced c-Jun expression (data not shown) and inhibited 80% of the [ 3 H]thymidine incorporation at 30 M (Fig. 8A) . Two ERK pathway inhibitors U0126 and PD98059 also blocked acinar cell [ 3 H]thymidine incorporation (Fig. 9) , whereas the inactive analog U0124 had no effect.
To further evaluate the role of JNK pathway components in acinar cell DNA synthesis, we examined the effect of dominant-negative JNK2 and dominant-negative c-Jun. Adenoviral vectors were used to express the dominant-negative mutants in acinar cells. The specificity of dominant-negative JNK2 was tested and shown to specifically inhibit CCK-induced c-Jun mRNA expression, whereas it did not affect the induction of c-fos and ATF3 (data not shown). Both of these dominantnegative mutants dramatically inhibited CCK-induced [ 3 H]thymidine incorporation in acinar cells (Fig. 8B) , whereas infection with a control adenovirus expressing GFP added at the same titer had no effect. This further confirmed the requirement of JNK and c-Jun for CCK-induced acinar cell growth.
Finally, we designed shRNA to knockdown endogenous c-Jun. We first tested the efficiency of three different c-Jun shRNA (jun1, jun2, and jun3) to knock down endogenous c-Jun expression by Western blot. The jun2 and jun3 shRNA reduced ϳ60 and 40% of endogenous c-Jun protein expression, respectively (Fig. 8C) , whereas jun1 and the nonspecific shRNA had no effect. Different titers of virus were tested and knockdown was maximal at 10 7 pfu/ml. In other studies (not shown), the mRNA for c-Jun was also reduced by jun2 and jun3 shRNA. As shown in Fig. 8D , adenovirus expressing jun2 or jun3 shRNA reduced 50 and 40% of CCK-induced [ 3 H]thymidine incorporation, whereas infection with adenovirus expressing GFP or the nonspecific shRNA had no effect. 
Effect of dominant-negative c-jun and c-jun shRNA on CCKinduced AP-1 transactivation.
To determine how c-Jun is involved in CCK-induced acinar cell growth, we first examined whether dominant-negative c-Jun has any effect on CCKinduced AP-1 activation. As shown in Fig. 10A , dominantnegative c-Jun completely blocked CCK-stimulated AP-1-driven luciferase expression, indicating that AP-1 activation was eliminated by dominant-negative c-Jun. Similarly, CCKinduced AP-1 activation was also significantly reduced by the two c-Jun shRNA (jun2 and jun3) molecules that reduced [ 3 H]thymidine incorporation (Fig. 10B) . This suggests that c-Jun acts through the activation of AP-1 to participate in CCK-induced acinar cell proliferation.
Effect of dominant-negative c-jun on CCK-induced cyclin D1 induction. Cyclin D1 expression increased during culture and it was further upregulated by CCK treatment. To further evaluate how c-Jun regulates CCK-induced acinar cell proliferation, we tested the effect of dominant-negative c-Jun on . Pooled data are means Ϯ SE of 4 -6 individual experiments and expressed as fold increase of non-CCK-treated control. **P Ͻ 0.01; *P Ͻ 0.05 compared with the values at time 0, non-CCK-treated control. C: acinar cells were cultured for 24 h followed by treatment with 1 nM CCK for 3 h. The DNA binding activity of AP-1 was examined by EMSA. Specificity of AP-1 DNA binding was determined by addition of excess of 50-fold unlabeled AP-1 consensus sequence (competitor). Supershift EMSA was performed using antibody to c-Jun. The results are representative from at least 3 independent experiments. D: AP-1 driven luciferase construct was delivered into acinar cells by adenoviral vector 1 h before CCK administration. The cells were stimulated with the designated concentration of CCK for 6 h. Relative luciferase activity was measured and the results were expressed as fold increase compared with the control non-CCK-treated group. Pooled data are means Ϯ SE of 4 experiments. For A and B, duplicate culture wells were run on gels and imaged, and after quantification the image was spliced to show only 1 lane per condition as described in MATERIALS AND METHODS. For this reason a white line is placed between the lanes. **P Ͻ 0.01; *P Ͻ 0.05 compared with the non-CCK-treated control group. cyclin D1 mRNA and protein expression. Acinar cells were cultured for 3 days in total with or without CCK treatment. As shown in Fig. 11A , cyclin D1 mRNA increased 4.2 Ϯ 1.3-fold and 8.5 Ϯ 1.3-fold in the control non-CCK-treated and CCKtreated group, respectively compared with acutely dissociated acini. Dominant-negative c-Jun inhibited 80% of cyclin D1 induction in both groups, whereas the control adenovirus expressing GFP had no effect. Similarly, dominant-negative c-Jun significantly blocked CCK-induced cyclin D1 protein expression (Fig. 11B) . These data indicate a role of c-Jun in the regulation of cyclin D1 expression.
Effect of dominant-negative c-jun on amylase and ␤-catenin expression. As shown earlier, acinar cells underwent dedifferentiation during culture. We then examined whether cJun is also required for acinar cell dedifferentiation. Decreased amylase expression and increased ␤-catenin expression were used as readout of acinar cell dedifferentiation. Acinar cells were cultured for 3 days with or without CCK treatment and then protein or RNA was extracted. As shown in Fig. 12 , ␤-catenin expression increased and amylase expression decreased during culture. Dominant-negative cJun inhibited more than 70% of the increased expression of ␤-catenin at both mRNA and protein level. The reduced expression of amylase was also significantly blocked by dominant-negative c-Jun, and this occurred to a much greater degree at the protein level. These results indicate that basal activity of c-Jun is important for acinar cell dedifferentiation during culture. 
DISCUSSION
We demonstrated the involvement of the JNK pathway through c-Jun and AP-1 in pancreatic acinar cell proliferation and dedifferentiation. We evaluated acinar cell morphology; the expression of the marker genes for mature differentiated pancreatic cells including acinar, ductal, stellate, islet, and progenitor cells; and the regulation of DNA synthesis during culture. Acinar cells showed a greatly reduced expression of pancreatic digestive enzymes, including amylase, chymotrypsinogen, and lipase; an increase in ductal markers such as cytokeratin 19; and an increased expression of genes associated with pancreatic embryonic development, including pdx-1, nestin, and p48. The expression of Mist1, an exocrine pancreaticspecific gene, decreased over time in culture, whereas the low level of insulin and the endocrine-specific factor neurogenin 3 did not change. There was a reduction of marker proteins for stellate cells. There was little expression of Hes1, which has been used as a readout of the activation of Notch signaling in acinar cells during recovery after pancreatitis (33) . Mesenchymal factors may activate Notch signaling in acinar cells in vivo but are absent in acinar cell cultures. Thus in our study pancreatic acinar cells lost their characteristics of mature acinar cells and displayed embryonic features similar to exocrine precursor cells. However, they retained their sensitivity to CCK which when added stimulated cell division.
It has previously been shown that adult pancreatic acinar cells retain morphogenic plasticity and upon particular stimulation can change their differentiation commitment patterns toward other cell types with the results highly dependent on the culture conditions. Results of culture of pancreatic acini are highly dependent on the culture conditions. Most studies can be considered as suspension cultures, monolayer culture on plastic, monolayer cultures on a protein matrix (collagen, laminin, or Matrigel), or 3D cultures within an extracellular matrix gel. Suspension cultures with serum present dedifferentiate, do not proliferate, and undergo senescence (52, 53) . By contrast, acini embedded in a matrix form cystlike structures with characteristics of acinar-to-ductal transformation (15, 43) .
Again there is little mitogenesis. Cells cultured as a monolayer lose their acinar characteristics and have been reported to assume a dedifferentiated or ductlike phenotype (3, 21, 29, 37, 39, 61) . Most reports show that these cells proliferate and that this rate can be stimulated with CCK and growth factors (28, 37, 39, 62, 63) . Other studies show that in the presence of appropriate factors pancreatic acinar cells can be transdifferentiated into insulin-secreting cells with secretory properties similar to those of native pancreatic ␤ cells (44) ; this transdifferentiation is inhibited by active Notch signaling (4) . In a recent in vivo study, acinar cells, infected with a combination of three transcription factors (Ngn3, pdx-1, and MafA) were reprogrammed into cells that closely resemble ␤ cells (69) . In our study, acinar cells cultured on the surface of collagen morphologically changed to epithelial-like cells with the parallel change on gene expression. In addition, we showed that CCK treatment did not affect the expression pattern of the various marker genes, indicating that acinar cell dedifferentiation was independent of CCK-activated signaling pathways. Because the concentration of CCK used in this study (1 nM) can induce blebs in more sensitive freshly dissociated acini, there is a possibility that damage has been induced in our cultures and that this is an important step leading to CCKinduced proliferation. If significant acinar cell death had occurred, the flattened cells seen at 48 -72 h could be the product of another precursor type such as centroacinar cells. We think this unlikely since there is no evidence for centroacinar cells responding to CCK, our cultures do not express centroacinar cell-specific markers, and some of the proliferating cells still contain amylase. However, future studies with lineage tracing will be necessary to resolve this possibility.
It has been shown that endogenous CCK is required for pancreatic regeneration after injury and that exogenous CCK accelerates the recovery. However, the signaling pathways mediating the trophic effect of CCK on pancreatic regeneration are not well established. In the present in vitro study, we used the dedifferentiated acinar cell model to study the mechanism by which CCK stimulates acinar cell proliferation. The cells divided to a limited extent even under basal conditions, indicating that there may be either tonic inhibitory factors in vivo, which are lost in the in vitro system, or there are autocrine or paracrine growth factors stimulating acinar cell growth in vitro. The dedifferentiation, which is independent of CCK, and the proliferation that is stimulated by CCK make these cultures an appropriate model to study acinar cell proliferation after damage such as occurs with pancreatitis. However, it may not be fully representative of in vivo events after injury and does not provide any information on redifferentiation that occurs as the final phase of the in vivo response to injury.
Besides CCK, other secretagogues such as CCh or bombesin were also shown to stimulate acinar cell [ 3 H]thymidine incor- Fig. 11 . Inhibition of cyclin D1 induction by dominant-negative c-Jun. Adenovirus was added at 10 7 pfu/ml when acinar cells were plated. The cells were cultured for 72 h in control media or with 1 nM CCK and RNA or protein was extracted. Cyclin D1 mRNA (A) and protein (B) expression were examined. Pooled data are means Ϯ SE of 3-4 experiments. For B, duplicate culture wells were run on gels and imaged, and after quantification the image was spliced to show only 1 lane per condition as described in MATERIALS AND METHODS. For this reason a white line is placed between the lanes. *P Ͻ 0.05 compared with CCK-treated group without adenovirus infection. Fig. 12 . Inhibition of the expression change of ␤-catenin and amylase during culture by dominant-negative c-Jun. Adenovirus was added at 10 7 pfu/ml when acinar cells were plated. The cells were cultured for 72 h in control medium or with 1 nM CCK followed by protein extraction. ␤-Catenin (A) and amylase (B) expression were examined. Pooled data are means Ϯ SE of 3 experiments. For A and B, duplicate culture wells were run on gels and imaged, and after quantification the image was spliced to show only 1 lane per condition as described in MATERIALS AND METHODS. For this reason a white line is placed between the lanes. **P Ͻ 0.01; *P Ͻ 0.05 compared with the corresponding groups without adenovirus infection.
poration, but with a much smaller effect than CCK. Thus CCK appears to initiate signals unique from other pancreatic secretagogues. EGF, FGF, HGF, and IGF-1 were able to stimulate acinar cell proliferation in monolayer culture as well, suggesting that these growth factors may also be involved in acinar cell growth in vivo (28, 37, 62, 63) . In fact various growth factors have been reported to be highly expressed in pancreas after pancreatitis, including IGF-1 (22, 41) , FGF 7 and 10 (31), and FGF21 (34) .
Because of the uniform cell population and the ability to manipulate gene expression in cultured cells, it is feasible to use primary culture of dedifferentiated acinar cells to study the potential signaling pathways mediating the in vivo and in vitro trophic effect of CCK. The transcription factor c-Jun was our main interest in this study. c-Jun is an early response gene and belongs to the AP-1 transcription factor family. Its expression can be induced by endogenous CCK in vivo (17) or by exogenous CCK in freshly isolated acinar cells (40) . It participates in the regulation of cell proliferation in a variety of cells. c-JunϪ/Ϫ fibroblasts exhibit a severe growth defect (35, 55) , and fetal hepatoblasts derived from c-JunϪ/Ϫ fetuses also display reduced proliferation (13) . More importantly, liver regeneration and hepatocyte proliferation are impaired in mice lacking c-Jun in the liver (6) . Dominant-negative c-Jun also prevents vascular smooth muscle cell proliferation in vitro and in vivo (68) . In the present study, CCK stimulation increased MAPK activation, c-Jun expression, and AP-1 activity in cultured acinar cells. Therefore it is likely that c-Jun/AP-1 is involved in CCK-induced acinar cell proliferation. To evaluate this hypothesis, we utilized chemical inhibitors to JNK and ERK pathways and overexpression of dominant-negative mutants. Finally, siRNA was used to knock down endogenous c-Jun expression. c-Jun shRNA inhibited CCK-induced acinar cell proliferation by 50%. The ability of three different approaches to block c-Jun action strongly supports our conclusion that c-Jun/AP-1 plays an essential role in dedifferentiated pancreatic acinar cell proliferation in vitro.
AP-1 protein complexes promote cell proliferation mainly through their ability to regulate the expression and function of cell cycle regulatory genes (56) . Among these genes, cyclin D1 is one of the best studied. Its promoter region contains two AP-1 binding sites and the regulation of its expression by AP-1 has been well documented (5, 7, 25, 67) . In our study, cyclin D1 showed an increased mRNA and protein expression during acinar cell culture, which was further enhanced by CCK. Furthermore, the elevated cyclin D1 expression was dramatically blocked by dominant-negative c-Jun, which also inhibited AP-1 activation. Thus CCK-induced acinar cell proliferation may be mediated by the activation of AP-1 and the subsequent induction of cyclin D1.
Besides the MAPK/c-Jun/AP-1 pathway, a variety of other signaling pathways can also be activated by CCK and may participate in acinar cell growth regulation, such as the PI3K/ PKB/mTOR pathway and the Ca 2ϩ -calmodulin-NFAT pathway. Both pathways are required for CCK-induced adaptive pancreatic growth through division of mature acinar cells in vivo (9, 18, 60) . Thus AP-1 may be one, but not the only, pathway that plays an essential role in CCK-induced acinar cell proliferation. Nicke et al. (48) showed that dominant-negative N17 Ras inhibited CCK-induced DNA synthesis in cultured rat acinar cells, indicating the involvement of Ras pathway in CCK-induced rat acinar cell proliferation.
In another study of pancreatic acinar cell growth in vitro (63), isolated mouse acinar cells were cultured on laminincoated plates. They showed that PI3K played a critical role in IGF-1-induced acinar cell proliferation, whereas ERK activation was not required. This differs from our study using CCK in which ERK inhibition significantly blocked the trophic effect of CCK on acinar cells. This discrepancy could be due to the use of different agonists. IGF-1 and CCK may activate different set of signaling pathways in acinar cells, even if some pathways might be activated by both of them. Even the same pathway may have different cellular functions with different stimuli. This different result could also be due to different culture conditions, including extracellular matrix and culture medium.
Dominant-negative c-Jun dramatically inhibited the increased expression of ␤-catenin and the decreased expression of amylase, suggesting that the basal activity of c-Jun is necessary for the dedifferentiation of acinar cells. However, how c-Jun is involved in acinar cell dedifferentiation is not well understood. Hwang et al. (30) showed that c-Jun and AP-1 mediated interleukin-1␤-induced dedifferentiation of chondrocytes by inducing the expression of the genes favoring dedifferentiation and suppressing the expression of the genes that are required for the maintenance of the differentiation characteristics. Thus it is possible that c-Jun/AP-1 works through similar mechanisms mediating acinar cells dedifferentiation.
In summary, pancreatic acinar cells in monolayer culture underwent dedifferentiation that was CCK independent and proliferation that was stimulated by CCK. The MAPK/c-Jun/ AP-1 pathway plays an essential role in mediating both of these two processes. Monolayer culture of acinar cells appears similar to regeneration after pancreatitis and can be an appropriate model to formulate hypotheses that can be used to study acinar cell regeneration following injury in vitro. Furthermore, these cultured dedifferentiated acinar cells can be used to test factors required to redifferentiate acinar cells.
